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Abstract 
 
 
 

The RIA Fragment Separators are core components of the facility, linking the production of 
isotopes with heavy ion primary beams to the experimental areas. Their purpose is to separate 
products of interest from the primary beam and unwanted products, and deliver the wanted products 
to experimental stations. It also must contain the primary beam and radioactive contaminants. The 
collection of the largest possible amount of selected isotopes and delivery in an identifiable form to 
experiments puts stringent constraints on the separator’s performance, and requires a careful design 
and optimization. 

By the end of the FY05 research on this topic, we will have in place all the building blocks to 
undertake an end-to-end simulation of the whole system. The required beam-material interactions 
and corresponding nuclear processes will be implemented in a state-of-the-art nonlinear beam 
dynamics simulation code, COSY INFINITY. This integrated approach to nuclear physics and beam 
optics will lead to a simulation and design environment with some unique features, not available in 
any other code around the world. The simulations will allow to study not only the performance of the 
system in terms of resolution, selection purity, yields of wanted products, etc., but also the 
background particles’ distribution, optimal target thicknesses, optimal shape of the absorbers, and so 
on. 
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Narrative 
 

 Background and Significance 
 
The Fragment Separators of the RIA are critical and challenging components that have 
been identified as high priority for R&D.  Specific topics requested in this solicitation are 
being addressed by the present collaboration in this proposal and a companion proposal 
from the NSCL. 
 
The fragment separators for the RIA will be placed after the ion linac, where the primary 
beams of any species from proton to uranium are accelerated to up to 1 GeV for protons 
and 400 MeV/u for uranium. The high energies make possible the utilization of thick 
production targets, and the creation of a wealth of rare isotopes of interest for the 
experimental stations. 
 
The fragment separators’ role is to collect, separate, and deliver the desired isotopes to a 
variety of experimental stations. The main production mechanisms are the above 
mentioned fragmentation by incoming heavy-ion projectiles of high energy, and the in-flight 
fission of the uranium. The production kinematics being different, the fragment separators 
must be designed with a large acceptance in both momentum and angular spread. Also, 
the high primary beam power requires the consideration of the optimal choice, location, and 
placement of a high power beam dump. Also, the success of the experiments depends on 
the purity of the separated isotopes. This requires large resolving powers. The large 
acceptance and transmission requirements imply the use of large aperture superconducting 
magnets. 
 
The isotopes are impossible to separate by magnetic and/or electric fields only. The 
separation method envisioned is the so-called Bρ-∆E-Bρ method, i.e. a double rigidity 
analysis (that is roughly proportional to mass over charge ration if the velocity spread is 
negligible) and an intermediate atomic energy loss through a piece of material. An 
important aspect to be studied is the interplay of the high order optics design and 
aberration correction needed for high resolving powers with the beam-material interactions. 
This requires an integrated approach to the nuclear processes inherent when a beam is 
passing through some material and the beam dynamics of the resulting beam of particles. 
This proposal is a continuation of a grant with the same title for FY05, where such a 
programming, design, and simulation framework is being established. 
 
The large acceptance, aperture, transmission, and beam parameter spreads require the 
use of codes that permit precision modeling of the beam dynamics, namely the inclusion of 
fringe field effects, high order aberrations, and trajectories of charged particles passing 
through material. Collaboration with other groups using different simulation tools will allow 
meaningful comparison of alternate designs and layouts, including code benchmarking. 
 
The topics we propose to study were identified in this solicitation as high priority for RIA 
related R&D, more specifically: 
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• Development of fragment separator simulation codes for the collection, separation, 
and stopping process, including the process to verify these codes 

• Evaluation of beam dumps, including simulations of the beam dump locations 
• Determination by detailed simulations the limitations of the range bunching 

technique and the optimum energies for range bunching 
• Evaluation of the matching of the separator, gas cell, and post-acceleration stages 

 
 

Preliminary Studies 
 
COSY INFINITY is an arbitrary order beam dynamics simulation and analysis code. It 
allows the study of accelerator lattices, spectrographs, beam lines, electron microscopes, 
fragment separators, and many other devices. It can determine high-order maps of 
combinations of particle optical elements of arbitrary field configurations. The elements can 
either be based on a large library of existing elements with realistic field configurations 
including fringe fields, or described in detail by measured data. Analysis options include 
computation of high-order nonlinearities; analysis of properties of repetitive motion via 
chromaticities, normal form analysis, and symplectic tracking; analysis of single-pass 
systems resolutions, reconstructive aberration correction, and consideration of detector 
errors. COSY has its own object oriented programming language, and a differential algebra 
based computation engine. It includes optimization commands at the language level. It has 
been used in the design and modeling of various systems. Its features make it the ideal 
code for precision modeling, design, and optimization of the RIA fragment separators. 
 
Initial studies have been carried out for the fragment separators, using COSY Infinity and 
two possible layouts: one based on 30 degree dipoles preceded and followed by 
quadrupole triplets, and another based on 35 degree dipoles preceded and followed by 
quadrupole doublets. Following a first order design, an order by order aberration correction 
up to third order has been attempted, with the purpose of optimizing acceptance, resolving 
power, transmission, and finding a suitable location for the beam dump. In the following we 
summarize our preliminary findings. 
 
Doublet system 
 
We split the “missing” quadrupole in our initial triplet layout from our previous year proposal 
among the other two quadrupoles to form a doublet, and set all quadrupole apertures to 20 
x 40 cm.  Beside the space freed up for the beam dump, as a side effect we noticed that an 
increase in resolving power is achieved. Figures 1 and 2 show the horizontal and vertical 
beam envelopes, respectively. In this case the slight reduction in the transmission (73.7% 
for the doublet system) is more than compensated by the increased resolving power, 
resulted from a dispersion of 2.32 cm/% energy using the same beam. 
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Figure 1. Horizontal envelope of the doublet system  Figure 2. Vertical envelope of the doublet system 

 
 
Search for a new layout based on symmetries 
 
A simple yet high quality imaging system is needed for the Rare Isotopes Accelerator’s 
fragment separator. The fragment separator must contain a dispersive image and an 
achromatic image with aberrations minimized to less than 1 mm in the spatial directions.  
Different theories of symmetries were examined to find ways to minimize 2nd and 3rd order 
aberrations while forming the desired images. Symmetries examined are: time-
independence symmetries, midplane symmetry, mirror symmetry, and symplectic 
symmetry. The mirror symmetry with respect to the dispersive image plane ensures a high 
quality achromatic image at the end. We gave prescriptions that describe how to apply the 
symmetries.  These symmetries are very useful and can be applied to a wide variety of 
systems to remove and minimize harmful higher order aberrations. 
 
In summary, by applying the time-independence “symmetries” nearly 30% of the map 
coefficients are removed.  Applying midplane symmetry removes about half of the transfer 
map elements that are left.  The commutator map up to the dispersive image plane 
contains 5 1st order, 15 2nd order, and 35 3rd order elements that need to be minimized.  
Applying symplectic symmetry reduces the number of commutator elements that need to 
be minimized.  Five 1st order elements still need to be minimized.  The number of 2nd order 
and 3rd order elements that need to be reduced have been reduced to 10 and 21 
respectively. For more details, see J. Brady and B. Erdelyi, Using Symmetries to Cancel 
Aberrations in the RIA Fragment Separators. 
 
 
Integrated approach to nuclear processes and beam dynamics 
 
By the end of the FY05 research on this topic, we will have in place all the building blocks 
to undertake an end-to-end simulation of the whole system. The required beam-material 
interactions and corresponding nuclear processes will be implemented in a state-of-the-art 
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nonlinear beam dynamics simulation code, COSY INFINITY. This integrated approach to 
nuclear physics and beam optics will lead to a simulation and design environment with 
some unique features, not available in any other code around the world. 
 
The functionalities of a suite of nuclear physics codes are now available in COSY. These 
include fragmentation cross-sections via the EPAX parameterization, charge state evolution 
based on the GLOBAL code, energy loss via ATIMA spline interpolation, and angular and 
energy straggling based on the Linhard-Sorensen (LS) theory and appropriate corrections 
as implemented in ATIMA. 
 
A new element, ABSORBER, is now available in COSY that makes possible following a 
beam distribution in an arbitrarily shaped piece of absorber, and gives the outgoing beam’s 
distribution, including what kind and how many isotopes have been created, where they are 
located in phase space, and what is their charge state. This includes not only the isotopes 
of interest, but also what is left of the primary beam, background particles, effects of 
multiple fragmentations, etc. 
 
The new tool is in the debugging stages. For benchmarking the distribution of newly 
created particles against the codes MOCADI in use at GSI and LISE in use at NSCL we are 
testing the fraction left of primary beams, the distribution of fragments, the relative 
importance on the yields of specific isotopes in one-step and multiple-step fragmentation 
processes, among other things. We are hoping that the tool will be ready soon for 
production runs in Monte-Carlo mode. 
 
In the map mode, where the deterministic part of the motion is taken into account, the 
absorber element includes only the energy loss, and the arbitrary shape of the absorbing 
material. Once the absorbing material and its shape, determined by polynomial functions of 
its entrance and exit shapes, are specified, its effect will be concatenated with the rest of 
the system, resulting in a transfer map for the whole fragment separator. This approach 
allows powerful fast optimization of the system, including the deterministic aspects of the 
wedges. Right now, the absorber’s energy loss is described by the Bethe-Bloch formula. 
 
 
Research Design and Methods 

 
 

Research Description 
 
In summary, the proposed program can be split into two main parts: 

• Perform end-to end studies by utilizing the map-based capabilities of the 
environment for the optics design, where only the deterministic part of the system is 
taken into account (including absorbers), 

• Perform Monte-Carlo type end-to-end studies, in which the results from part one 
is incorporated and the effect of stochastic processes are evaluated. 
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We envision an iterative process in which the interplay between deterministic and 
stochastic processes is evaluated in part two, and the system re-optimized in part one 
based on what we learn in the Monte-Carlo studies. The simulations will allow to study not 
only the performance of the system in terms of resolution, selection purity, yields of wanted 
products, etc., but also the background particles’ distribution, optimal target thicknesses, 
optimal shape of the absorbers, and so on. 
 
We propose to continue to study and improve the doublet system, and to search for 
alternate designs with better performance in terms of acceptance, transmission, and 
resolving power, and to take into account engineering constraints too.  We will apply the 
symmetry-based theory in searching for practically feasible fragment separator designs 
with intrinsically low aberration content. This would make the correction of high order 
harmful aberrations easier. As the basic building block of such a system, a point-to-point 
and parallel-to-parallel imaging system in both horizontal and vertical planes would be 
desirable. 
 
The requirements for the fragment separators make the correction of aberrations up to 5th 
order necessary. The newly extended code COSY Infinity has some unique capabilities that 
we need to address this issue. It allows us to compute and analyze any system up to high 
orders, and optimize it according to the requirements in a flexible, comprehensive, and 
integrated way. Moreover, it has the capability to model the dynamics with very high 
precision, including variation of fields longitudinally, especially in the end regions of the 
magnets. The code can be run in two modes: map-based for optimization of the 
deterministic part of the motion, and a hybrid map-Monte-Carlo-based for stochastic 
effects. We intend to study the matching of wedge shapes to maintain high resolving power 
for each selected isotope, and absorber shape for optimized range-bunching. Optimal 
target material and thickness will be studied to maximize the yields of selected isotopes, 
with multiple fragmentations taken into account. 
 
To achieve this task we expect that further code development will be necessary to address 
the issues as they arise. To this end, we will consider the advantages of exploiting the 
parallel version of the code, which now is being tested at NERSC. The parallel version 
would also enable optimization in the Monte-Carlo context. The power of the optimization in 
the parallel Monte-Carlo context would be maximized by the use of parallel optimizers. 
There are initiatives, at ANL and elsewhere, to explore parallel optimization algorithms, that 
would directly benefit the future research presented in this proposal. Once an algorithm has 
been selected, it can be implemented in COSY and applied to fragment separator 
optimization, a topic that hopefully will be addressed in future proposals. 
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Description of Facilities and Resources 
 

The present proposal brings together expertise in fragment separator and magnetic spectrometer 
design, including high order optics and numerical optimization. To carry out the simulation work 
computer clusters are available at both sites, Argonne National Laboratory and Michigan State 
University.  
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